The growing global demand of energy, the decrease of petroleum reserves and the current of environmental contamination problems, make it imperative to study renewable energy sources for use in internal combustion engines, in order to decrease the dependence on fossil fuels and reduce emissions of pollutant gases. This study aimed to evaluate the emissions of a diesel-cycle engine of an agricultural tractor that uses diesel S500 (B5) mixed with 3, 6, 9, 12 and 15% of hydrous ethanol. It determined emissions of CO 2 (ppm), NO x (ppm), and opacity (k value) of gases. A standard procedure was applied considering eight operating modes (M1, M2, M3, M4, M5, M6, M7, and M8) by breaking with an electric dynamometer in a laboratory. The experimental design was completely randomized, with 60 replicates and a 6 x 8 factorial design. Greater opacity and gas emissions were observed when the engine operated with 3% ethanol, while lower emissions occurred with 12 and 15%. With these fuels, the reduction of opacity, CO 2 , and NO x , in relation to diesel oil, was 24.49 and 26.53%, 4.96 and 5.15%, and 6.59 and 9.70%, respectively. In conclusion, the addition of 12 and 15% ethanol in diesel oil significantly reduces engine emissions. Key words: Alternative fuels. CO 2 emission. Diesel-cycle. Pollutants.
Introduction
At the end of the twentieth century, environmental contamination problems associated with the combustion of fossil fuels became evident, and this could be considered a global crisis (AGEJAS, 1996) . According to the author, the biosphere was put at risk due to an imbalance in the ecosystem caused by the way humans interact with the world.
The major imbalance, a product of the combustion of oil derivatives, occurs in the carbon dioxide cycle (CO 2 ), large quantities of which contribute to global warming (GIAKOUMIS et al., 2013) . Nitrogen oxides (NO x ), sulfur (SO x ), and particulate matter (PM) emitted after combustion contribute to the formation of acid rain and the destruction of the ozone layer (KIM et al., 2017; RESITOGLU; KESKIN, 2017) .
Moreover, these emissions cause human health problems and have effects on long-term illnesses, with risk of cancer (TADANO et al., 2014) . In the short term, CO 2 emissions in large quantities are fatal to humans (MANZETTI; ANDERSEN, 2016), while NO x emissions are associated with respiratory diseases, and PM is related to eye irritation and coughing (LEVY, 2015) .
In this context, considering the global increase in energy demand, the scarcity of oil reserves, the concern for climate change, and new environmental regulations, researchers are increasingly interested in examining the use of alternative fuels for internal combustion engines (AL-HASSAN et al., 2012) .
Using ethanol as a biofuel contributes to significant reduction in engine gas emissions (GENG et al., 2017; MOFIJUR et al., 2015) . However, the addition of ethanol in diesel fuel produces physicochemical changes and reduction in cetane number, viscosity, and flash point. Such changes influence the characteristics of the injected fuel jet and the quality of combustion and emissions (LI et al., 2005) .
Biodiesel has been studied as a potential additive to improve the solubility of ethanol in diesel fuel, which could enhance its lubricity and mixing over a wide range of temperatures (RIBEIRO et al., 2007) . Regarding the addition of ethanol in diesel fuel, Shadidi et al. (2014) state that 15% ethanol is the maximum addition without the need for mechanical modifications of the engine.
Some countries already sell mixtures of ethanoldiesel (ED) as fuel. In Thailand, 10% ethanol is used in diesel oil, while in Australia, Sweden, and the United States, 15% ethanol mixtures are used (HANSEN et al., 2005) .
Research indicates that the use of ED mixtures modifies the performance of a diesel-cycle engine, resulting in variations in power, fuel consumption, thermal efficiency, emission, and temperature of gas pollutants (AJAV et al., 1999) .
Emissions of CO and CO 2 are related to the quality of combustion; incomplete combustion will lead to greater emissions of CO, while complete combustion will lead to higher CO 2 emissions (SAYIN, 2010). Emissions of pollutants from diesel engines depend directly on fuel consumption under different driving conditions (JANULEVICIUS et al., 2016; TSE et al., 2015) .
According to Al-Farayedhi et al. (2004) , when ED mixtures are used, the temperature of the exhaust gases is lower compared to that when using pure diesel oil, so the NO x emissions are reduced. According to the authors, this is explained by the lower temperature produced during the combustion of the ED mixture. Furthermore, ethanol has the potential to decrease the amount of PM emitted by the engine due to the greater presence of O 2 (KASS et al., 2001 ).
This study aimed to assess the emissions of a diesel-cycle engine of an agricultural tractor that uses mixtures of diesel oil and hydrated ethanol. Diesel oil S500 (B5) and its mixture with 3% (ED3), 6% (ED6), 9% (ED9), 12% (ED12), and 15% (ED15) ethanol were used.
Materials and Methods

Fuels and blends used
Diesel oil S500 (B5) and hydrated ethanol from sugarcane were used. Their physicochemical properties are shown in Table 1 . The mixtures used in ED were made where the experiment was conducted. The volumetric density measurements of the six fuels used (B5, ED3, ED6, ED9, ED12, and ED15) are 845, 844, 843, 840, 838, and 837 g L -1 , respectively, at 19.5 ºC of room temperature. 
Research engine
The experiment was conducted using a Massey Ferguson tractor, model MF 4291 (Massey Ferguson, Canoas, Brazil) , equipped with a fourcylinder Perkins engine, model 1104A-44T, 4.4 L of displaced volume, powered on turbocharger with potency and maximum torque of 77.2 kW (105 CV) and 400 Nm, respectively, under the ISO TR 14396 standard, according to manufacturer information. The engine fuel injection pump is mechanical and rotary, Delphi's brand.
Test method and procedure
Before starting the assessments, the engine was heated for 20 min. For this, the accelerator was positioned at maximum speed and, using an electric EGGERS dynamometer, model PT 301 MES, a load to reduce engine rotation to rated speed was applied. In addition, at each change of fuel, the engine was left working under load, so that any previous fuel residue in the injection system was consumed. A schematic representation of the experiment is shown in Figure 1 .
The measurements were performed every second for three minutes using the Saxon opacimeter, model Opacilyt 1030, and Saxon gas analyzer, model Infralyt ELD. Both devices are controlled through the MWIELD O1030 software. For analysis, only the last 60 seconds of the collected data were considered. In each mode of operation, values of O 2 (% vol.) were also obtained using the same gas analyzer described previously, in addition to obtaining the gas temperature (ºC) using a type K thermocouple. The measurements of opacity and emissions of gases from fuel combustion in the engine were based on the standard NBR ISO 8178-4 (ABNT, 2012), in which each emission experiment consists of eight operating modes (M1, M2, M3, M4, M5, M6, M7, and M8). The methods were determined as follows: four modes at rated speed, applying the loads M1 (100%), M2 (75%), M3 (50%), and M4 Figure 1 . Schematic representation of the experiment: 1. electric dynamometer; 2. opacimeter; 3. gas analyzer; 4. thermocouple; 5. agricultural tractor (research engine); 6. software MWIELD 01030.
The measurements of opacity and emissions of gases from fuel combustion in the engine were based on the standard NBR ISO 8178-4 (ABNT, 2012), in which each emission experiment consists of eight operating modes (M1, M2, M3, M4, M5, M6, M7, and M8). The methods were determined as follows: four modes at rated speed, applying the loads M1 (100%), M2 (75%), M3 (50%), and M4 (10%) of the rated torque; three at the maximum torque speed, applying the loads M5 (100%), M6 (75%), and M7 (50%) of rotation; and one (M8) at idling speed and without load (Figure 2) . In each mode, opacity values of the gases were collected through the light absorption coefficient (k value), CO 2 (vol. %), and NO x (ppm). Test modes for Non-Road Steady Cycle: 1. engine torque curve; four loads applied at rated speed: M1 (100%), M2 (75%), M3 (50%) and M4 (10% of the rated torque; three loads applied at maximum torque speed: M5 (100%), M6 (75%) and M7 (50% of the maximum torque); and one mode: without load (M8) at idling a speed.
Source: ABNT NBR ISO 8178-4 (2012).
Experimental and statistical procedures (10%) of the rated torque; three at the maximum torque speed, applying the loads M5 (100%), M6 (75%), and M7 (50%) of rotation; and one (M8) at idling speed and without load (Figure 2) . In each mode, opacity values of the gases were collected through the light absorption coefficient (k value), CO 2 (vol. %), and NO x (ppm). Test modes for Non-Road Steady Cycle: 1. engine torque curve; four loads applied at rated speed: M1 (100%), M2 (75%), M3 (50%) and M4 (10% of the rated torque; three loads applied at maximum torque speed: M5 (100%), M6 (75%) and M7 (50% of the maximum torque); and one mode: without load (M8) at idling a speed. Figure 1 . Schematic representation of the experiment: 1. electric dynamometer; 2. opacimeter; 3. gas analyzer; 4. thermocouple; 5. agricultural tractor (research engine); 6. software MWIELD 01030.
Experimental and statistical procedures
Source: ABNT NBR ISO 8178-4 (2012) .
Emissions of an agricultural engine using blends of diesel and hydrous ethanol
The variables were analyzed according to a factorial scheme (6 x 8) from the interaction of the six types of fuel and the eight operating modes. Sixty repetitions were conducted, forming a completely randomized experimental design. Subsequently, using the Sisvar software, version 5.3 (FERREIRA, 2011) , data were submitted to analysis of variance (ANOVA), Tukey's test, at 5% probability of error, and linear regression analysis.
Results and Discussion
According to the ANOVA results, there was a significant effect on the interaction between the two factors (F1: Types of fuel and F2: Operating modes) for all variables in this study (Table 2) . Table 3 shows the results of the opacity of the gases and emissions of CO 2 and NO x in each engine operating mode estimated for each fuel used. In general, it was observed that in the two analyzed rotations, as the load applied to the engine increases, the emissions also increase. In M5, when using ED3, ED6, and B5, pollutant emissions emitted by the engine were higher. Table 4 shows the average opacity results, CO 2 , and NO x , considering the eight modes of engine operation, as well as the differences obtained using different mixtures to S500 diesel oil (B5).
Opacity of the gases
Regarding the opacity of the gases, the engine in M1 issued 0.31 m -1 , using ED15, 18.42% lower compared to B5. In operating modes M5, M6, and M7, lower opacity values were obtained using ED12 and ED15, with no statistical difference. Emission opacity can be reduced using ED mixture powered diesel-cycle engines, since the higher O 2 content of the mixture causes a reduction in the formation of rich mixtures (LAPUERTA et al., 2008) . Table 4 , the use of ED3 and ED6 resulted in higher opacity values compared to B5. According to the linear regression performed for this variable ( Figure 3A) , 71% of data are adjusted according to the equation, where the value of the opacity of the engine exhaust gas decreases 0.05 m -1 for each increment of 5% ethanol in B5, up to the mixture of 15%. *Means followed by the same letter in the column do not differ by the Tukey test at 5% error probability. Table 4 . Average values of the engine pollutant emissions for the mixtures used and their variations (Δ%), in relation to the diesel oil S500 (B5). *Means followed by the same letter in the column do not differ by the Tukey test at 5% error probability.
As shown in
The highest opacity values coincide with the highest average temperatures of the gases ( Figure  4A ). Using ED3, ED6, and B5, temperatures of 291.50, 291.31, and 288.00 °C, respectively, were achieved. The same tendency was observed when using ED9, ED12, and ED15, for which the lowest gas temperature values were found. Similar results were found by Ahmed (2001) and Armas et al. (2012) , obtaining a reduction of 17 to 20% in the opacity of the gases using ED10 compared to diesel oil. Ahmed (2001) achieved a reduction of 24% with ED15.
Emissions of CO 2
Considering the variable CO 2 , the highest values were obtained in M5. In this mode, using ED9, ED12, and ED15, CO 2 emissions were 4.27, 7.07, and 5.98%, respectively, lower than B5. In M1, M2, and M3, CO 2 emission with ED15 had a reduction of 7.34, 5.42, and 12.95%, respectively, compared to B5. According to Usta et al. (2005) , oxygenated fuels promote reduction of CO 2 during combustion, with a rich mixture and with the engine running at full load.
Further, regarding the variable CO 2 , the highest values were obtained using ED3, B5, and ED6. From the linear regression of the data ( Figure 3B ), the adjustment equation indicates that to every 5% ethanol added to diesel oil, CO 2 emissions decrease by 1% vol.
An inverse tendency was observed between CO 2 and O 2 ( Figure 4B ), as for fuels ED3, B5, and ED6, the lowest values of O 2 were obtained: 12.63, 12.69, and 12.88% vol., respectively. With ED9, ED12, and ED15, CO 2 emissions were reduced compared to B5, while O 2 levels increased, reaching 13.44% vol. using ED12.
Similar studies reported that the addition of high amounts of ethanol in diesel fuel decreases CO 2 emissions during combustion (CHAUHAN et al., 2011) . Using ED10, Guarieiro et al. (2009) obtained a 6% reduction in CO 2 emissions compared with the use of mineral diesel oil. Rodríguez (2003) obtained a reduction of 8% in CO 2 emissions with the same mixture.
Emissions of NO x
Using ED15 in M1, NO x emission was reduced by 10.17% compared to B5 (Table 3 ). In M2, M3, and M4, with ED15, the reductions were 13.84, 29.06, and 5.50%, respectively. At the maximum torque rotation, in M5, M6, and M7, the lowest NO x emissions were found with the ED15 mixture, with a reduction of 3.24, 6.48, and 12.27%, respectively, compared to B5.
The highest average NO x emissions ( Figure 3C ) was found when the engine used ED3 and ED6, and even the highest average temperature of the exhaust gases was obtained with the same mixtures ( Figure  4A ). NO x reductions of 3.74, 6.59, and 9.70% were obtained, respectively, in relation to B5 with mixtures ED9, ED12, and ED15.
According to Ahmed (2001) , with ED10 and ED15 fuels, it was possible to reduce NO x emission by 4 and 5%, respectively, compared with diesel oil. Song et al. (2010) , working with ED15, obtained a 7.79% reduction in NO x . Hansen et al. (2006) and Ren et al. (2008) , using ED mixtures, found that due to the higher heat of evaporation of the mixture, NO x emissions could be reduced, and concluded that ethanol can effectively reduce the emission of this pollutant.
Conclusions
The mixture of hydrous ethanol in diesel oil S500, especially mixtures with over 6% ethanol, can be used as an alternative fuel for agricultural tractor engines in order to reduce the average values of CO 2 and NO x emissions, as well as the opacity of the diesel-cycle engine gases.
